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ABSTRACT 
 
Anaerobic soil disinfestation (ASD) is a non-chemical method used for controlling soilborne 
plant pathogens. Individual elements of the ASD (also referred to as biological soil disinfestation 
or BSD) process, including application of organic amendments or soil saturation, have been 
studied for over 50 years for suppression of various soilborne plant pathogens. More recent 
research, primarily in the Netherlands, Japan, and the United States has been targeted at 
developing a soil disinfestation process based on anaerobic decomposition of labile soil 
amendments that can be integrated into modern horticultural production systems as a soil 
fumigant. The process leads to the creation of several fermentation by-products including the 
generation of short chain organic acids or volatile fatty acids (VFAs), other volatile compounds, 
and subsequent lowering of soil pH. These byproducts act as pesticides for soilborne pathogens. 
The saturated soil, changes in soil microbial communities, and byproducts of fermentation give 
rise to an environment inhospitable to many plant pathogens. Volatile fatty acids (VFAs), 
including acetic and n-butyric acid, are reported to play a role in the suppression of plant 
pathogen inoculum during anaerobic soil disinfestation (ASD), but it is unclear how VFAs affect 
sclerotia of Sclerotium rolfsii. To evaluate the effect of VFA, VFA concentration, soil pH and 
soil texture on germination of S. rolfsii sclerotia, a series of anaerobic growth chamber trials was 
conducted. Alongside anaerobic growth chamber trials, greenhouse trials were conducted to 
evaluate endemic soil populations of Trichoderma spp. following the same ASD treatments. 
These studies show Acetic and n-butyric acids in soil solution are likely a primary factor in 
suppression of germination and colonization of S. rolfsii during ASD treatment, and activity 
against these fungal propagules is dependent on concentration, solution pH and soil texture. 
Sclerotial germination was generally reduced by exposure to either acetic or n-butyric acids, and 
most notably reduced by VFAs in autoclaved soil (29% germination). Overall, mean germination 
rates in n-butyric acid were significantly lower than those of acetic acid (32% and 44%, 
respectively). Germination rates were reduced as acid concentration increased to 4, 8, and 16 
mmol/kg concentration (56%, 38% and 19%, respectively). 
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Summary 
Anaerobic soil disinfestation (ASD) is a non-chemical method used for controlling soilborne 
plant pathogens. Individual elements of the ASD (also referred to as biological soil disinfestation 
or BSD) process, including application of organic amendments or soil saturation, have been 
studied for over 50 years for suppression of various soilborne plant pathogens (Baker 1968, 
Shennan et al. 2014). More recent research, primarily in the Netherlands, Japan, and the United 
States has been targeted at developing a soil disinfestation process based on anaerobic 
decomposition of labile soil amendments that can be integrated into modern horticultural 
production systems as a soil fumigant alternative (Blok et al. 2000, Shinmura 2004). A 
predominant factor in research activity related to ASD was the necessity of developing 
alternatives to the soil fumigant methyl bromide, which is slowly being phased out of usage in 
over 197 countries following international adoption of the 1987 Montreal Protocol.  
Methyl bromide had been used for decades as the primary soil fumigant due to its broad-
spectrum activity against soilborne pests and weed propagules, and relative ease of use in 
plasticulture production systems. However, due to its ozone depleting nature it was due for 
complete prohibition in the United States in 2017. Several chemical fumigant alternatives have 
been researched and are commercially used in place of methyl bromide but all face limitations in 
terms of efficacy, regulatory restrictions on use, or potentially negative effects on environmental 
quality or human health.  Further, desire for more ecologically friendly and sustainable crop 
production systems has led researchers to evaluate and optimize ASD methods that maximize 
potential for use in commercial horticultural crop production.   
Anaerobic soil disinfestation 
In past research, ASD has been shown to be as effective as methyl bromide against many 
soilborne pathogens (Butler et al. 2012, 2014). ASD has seen wide adoption in certain sectors 
(e.g., in-ground greenhouse production in Japan, organic strawberry in California), but the ASD 
treatment process is heavily influenced by amendment type and environmental conditions (e.g., 
soil type, temperature). To date most studies have focused on adaptation to regional cropping 
systems and pathogens. The lack of simple decision tools and protocols for ASD treatment 
implementation across environments, crops, and pathogens of interest makes it difficult to 
increase adoption among producers.   
Anaerobic soil disinfestation is relatively simple in concept. The aim of the method is to induce a 
prolonged period (typically 2 to 6 weeks) of anaerobic soil conditions prior to planting a high 
value horticultural crop. To accomplish this, a labile carbon source (e.g., fresh cover crop 
residue, agricultural by-products) is incorporated into the soil then covered with polyethylene 
mulch film. Once covered, the area is irrigated to saturation with drip irrigation and left to 
ferment until planting. The readily-available carbon along with high moisture levels allow 
anaerobic bacteria such as Clostridium and Enterobactor to proliferate and begin the process of 
fermentation. The process leads to the creation of several fermentation by-products including the 
generation of short chain organic acids or volatile fatty acids (VFAs), other volatile compounds, 
and subsequent lowering of soil pH (Momma 2008). These byproducts act as pesticides for 
soilborne pathogens (Abbasi et al. 2009, Huang et al. 2015, McElderry et al. 2005, Momma et al. 
2006, Samaniego-Gaxiola and Balagurusamy 2013, Tenuta et al. 2002). The saturated soil, 
changes in soil microbial communities, and byproducts of fermentation give rise to an 
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environment inhospitable to many plant pathogens (Huang et al. 2015, Momma et al. 2013). The 
major obstacles to adoptions of ASD as an alternative to soil fumigation include finding an 
effective and economical carbon source in a given region, and determining treatment 
implementation practices (e.g., amendment rate, amendment chemical properties, tarping time) 
that result in consistent control of pathogens of interest. Accordingly, it is necessary to fully 
understand mechanisms through which ASD controls soilborne pests under varying treatment 
factors and environmental conditions in order to provide end-users with detailed 
recommendations on treatment implementation and management for diverse environmental 
conditions and pathosystems.  
To date, research on the specific mechanisms of control by ASD are fairly limited. As a whole, 
the ASD process has been observed to work as well or better than methyl bromide for 
suppressing some soilborne plant pathogens (Butler et al. 2012b, 2014, Rosskopf et al. 2014), but 
the specifics as to how this level of suppression occurs is not well-understood. ASD’s 
mechanisms of pathogen control are varied, and it is not likely a single aspect of the process that 
accounts for a majority of control. The essential aspect that separates ASD from other 
biofumigation and biological disinfestation methods is a period of anaerobic activity, wherein the 
various other processes that make it effective occur (Lamers et al. 2010). Overall the anaerobic 
period seems to be essential to the control of several pathogens (Blok et al. 2000). The anaerobic 
period is facilitated by soil saturation. While flooding as a means of pathogen control can be 
effective on its own as seen in rice cultivation, it is not practical for most cropping systems. 
Studies on flooding have observed that it can take more than 6 weeks of flooding to see 
significant reduction in populations of fungal plant pathogens (Pullman and DeVay 1981, 
Ioannou et al. 1977). In cases where plant matter or other amendments were added, time needed 
for suppression was greatly reduced.  
The addition of organic amendments alone reduces some plant pathogens when incorporated into 
field soil (Abbasi et al. 2009, Huber and Watson 1970, Tenuta et al. 2002). Inhibitory effects 
may be due to the encouragement of a wide range of other soil organisms that may compete with 
or prey on the plant pathogens and thus act as direct biocontrols (Bulluck et al. 2002, Chet et al. 
1981, Lori et al. 2017, Mäder et al. 1996). Studies done in Tennessee (Shrestha et al. 2018) have 
shown that a certain ratio of C/N is preferable when choosing a carbon source depending upon 
certain soil and planting conditions, and pests of concern. Another way that the incorporation of 
labile carbon can be inhibitory to plant pathogens is by facilitating the rise in levels of organic 
compounds such as volatile fatty acids (VFAs) these to have a suppressive effect on some plant 
pathogen propagules (Huang et al. 2015). The rise in VFA concentration has been attributed to 
the proliferation of microorganisms that exude them as by-products of anaerobic metabolism 
(Blok et al. 2000, Bulluck et al. 2002, Huang et al. 2015, Momma 2008). VFAs include acetic, n-
butyric, isovaleric, and propionic acids, all of which are produced by organisms such as 
Clostridium and Enterobactor under anaerobic conditions (Momma 2008). 
The process of biological or anaerobic soil disinfestation (ASD) has been reported to be an 
effective alternative to soil fumigation for control of plant pathogen inoculum in several 
environments (Butler et al. 2014, Rosskopf et al. 2014, Shennan et al. 2014), but the precise 
mechanisms of control are not well understood across environments and pathosystems. It is 
likely that numerous changes in soil chemical, physical, and biological properties contribute to 
ASD treatment effects (Rosskopf et al. 2015, Hewavitharana et al. 2015 and 2016). Volatile fatty 
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acids (VFAs), including acetic acid, n-butyric acid, isobutyric acid, valeric acid, and isovaleric 
acid, are found in varying levels in most biologically active moist soils, but particularly 
proliferate during the anaerobic decomposition of labile carbon during ASD (Blok et al. 2000, 
Momma et al. 2006, Runia et al. 2014). Acetic acid and n-butyric acid were found in relatively 
high concentrations in soil during ASD (Huang et al. 2015, Runia et al. 2014, Shrestha et al. 
2018). These compounds were an important component of control for inoculum of some 
soilborne plant pathogens, including Fusarium, oxysporum, Verticillium dahliae, Pratylenchus 
penetrans, and Pyrenochaeta terrestris along with several nematode species (Blok et al. 1999, 
Browning et al. 2006, Huang et al. 2015, Momma et al. 2006, Runia et al. 2014, Shinmura 2004, 
Oka 2010). It is not clear how VFAs interact with different components of the soil and its 
ecology during ASD. In this study, we will focus on how VFAs affect the soilborne plant 
pathogen Sclerotium rolfsii and the soilborne fungi, in the genus Trichoderma. We will also look 
at how soil texture (clay content, organic matter) and labile carbon amendments affect the 
suppressive nature of VFAs during ASD. 
Volatile fatty acids (VFAs) or short-chain fatty acids are fatty acids with 2 to 6 carbons in chain. 
These acids are important to many organisms and are a major source of energy for ruminants and 
other animals (Besten et al. 2013, Kristensen et al. 1998, Morrison and Preston 2016). These 
acids are usually formed as products of fermentation (e.g., breakdown of fiber in ruminant 
mammals or organic matter in wet soil) where they are then metabolized/excreted by various 
organisms (Besten et al. 2013, Kristensen et al. 1998). In soils, VFAs are produced by bacteria 
such as Clostridium, Enterobacter, and Acetobacter during phases of anaerobic decomposition of 
carbon sources. While several VFAs are seen during the fermentation process in soil, the two 
VFAs consistently seen in highest abundance during ASD are acetic and n-butyric acid (Huang 
et al. 2015; Momma et al. 2006, 2008).  
Acetic acid, the undissociated form of acetate, chemical formula CH3COOH, is a carboxylic acid 
with the molecular weight 60.052 g/mol, pKa of 4.76, and vapor pressure of 11.4 mm Hg at 
20°C. It is the main component of vinegar and has antibacterial and antifungal properties (Doran 
1928, Levine and Fellers 1940). Acetic acid is also crucial to most organisms as its acetyl group 
binds to Coenzyme A, which transfers carbon for energy production as part of the citric acid 
cycle. In soils, acetic acid is produced by anaerobic bacteria such as Clostridium as they break 
down carbon sources. Butyric acid, the undissociated form of butyrate, chemical formula 
CH3CH2CH2COOH, is a carboxylic acid with the molecular weight of 88.106 g/mol, pKa of 4.82, 
and vapor pressure of 0.43 mm Hg at 20°C. Butyric acid has a characteristic odor (main smell in 
vomit) and is found in low levels in milk and cheese. Under ASD conditions, microorganisms 
that produce these VFAs can proliferate to the point that their combined exudates become lethal 
to many soilborne plant pathogens (Browning et al. 2004, 2006, Butler et al. 2012, Momma et al. 
2006, Runia et al. 2014, Tenuta et al. 2002, Ushiwata et al. 2009). Their lethality is attributed to 
the ability to readily diffuse across cell membranes in their dissociated forms and cause 
debilitating levels of acidity in the cell cytoplasm (Browning et al. 2006).  
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Trichoderma 
Trichoderma is a genus of fungi found commonly in soils, especially in soils rich in root 
systems. They are free living fungi that can reduce losses to several fungal and oomycete plant 
pathogens including Fusarium, Phytophthora, S. rolfsii, and several nematode species (Bae et al. 
2016, Chet et al. 1981, Küçük and Kivanç 2003, Mishra et al. 2011, Zhang et al. 2015). 
Trichoderma species have also been linked to the promotion of root growth and drought 
resistance in plants (Benitez et al. 2004, Yedidia et al. 2001). This genus of fungus has also been 
shown to play an important role in bioremediation of soil given its ability to break down 
components of several insecticides and herbicides (Arfarita et al. 2016). The addition of organic 
amendments to soil as fertilizer positively affects populations of Trichoderma and it has also 
been reported to survive anaerobic environments as a facultative anaerobe (Bulluck et al. 2002, 
Kurakov et al. 2008, 2011). As a biocontrol, Trichoderma spp. use several mechanisms to retard 
or inhibit the growth of plant pathogens. Their mycelium can directly parasitize and 
enzymatically lyse the mycelium of other fungi and integuments of nematodes (Chet et al. 1981, 
Sharon et al. 2001). Some species produce antibiotics that can affect soilborne organisms 
(Benitez et al. 2004, Mishra et al. 2011). Trichoderma spp. can act as direct competitors to other 
soil fungi, thus lowering the nutrients available to other more pathogenic species (Benitez et al. 
2004). Alternatively, Trichoderma increased total plant growth in species such as wheat, 
cucumbers and tomatoes (Duffy et al. 1997, Gravel et al. 2007, Yedidia et al. 2001). Another 
way Trichoderma can directly affect crops is by stimulating their native defensive mechanisms 
thus raising their resistance to various plant pathogens (Naher et al. 2014). Therefore, 
Trichoderma spp. populations are likely an important consideration when evaluating soil 
disinfestation systems. If the natural populations of Trichoderma spp. could be maintained or 
even enhanced, it could potentially add to the suppressive ability of ASD treatments as a whole.  
Trichoderma spp. (Bulluck et al. 2002, Küçük and Kivanç 2003, Mishra et al. 2011, Shennan et 
al. 2014) and VFA concentrations (Abbasi et al. 2009, Browning et al. 2006, Huang et al. 2015, 
Momma et al. 2006, Tenuta et al. 2002) inhibit germination and retard pathogenicity of fungal 
pathogens. Trichoderma filtrates suppress a wide range of fungal plant pathogens such as 
Fusarium culmorum, F. oxysporum, R. moniliforme, Rhizoctonia, and S. rolfsii (Küçük 
and Kivanç 2003, Mishra et al. 2011). These studies also reported that Trichoderma directly 
compete with other soil borne organisms for nutrients. Bulluck (2002) observed that suppressed 
S. rolfsii and that populations of Trichoderma were enhanced by addition of organic 
amendments. This was supported by the finding of Shrestha et al. (2018) who observed 
Trichoderma directly parasitizing S. rolfsii after ASD treatment. Studies by Abbasi et al. (2009) 
and Tenuta et al. (2002) both indicated that VFAs reduced the number of microsclerotia of 
Verticillium dahliae after several days, and the effect was more pronounced at lower soil pH. 
This is corroborated with the finding of Browning et al. (2006) who postulated that it is the 
undissociated form of the organic acids that make them able to diffuse readily across cell 
membranes, which leads to acidification of the cytoplasm. Huang et al. (2015) and Momma et al. 
(2006) both observed that acetic and n-butyric acids were found in the highest abundance during 
ASD and that they suppressed F. oxysporum along with other fungal and nematode species. In 
trials by Momma et al. (2006), bacterial wilt caused by Ralstonia solanacearum was reduced as 
well. 
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Soil microbial community 
Soils used in farming typically contain a wide range of microorganisms. This is especially true 
for soils undergoing organic farming practices where fewer pesticides are used (Bulluck et al. 
2002, Lori et al. 2017). Microbes increase the ability of the soil to form, accumulate, and retain 
soil nutrients (Insam and Seewald 2010, Mäder et al. 1996). The microbial community of the soil 
(Trichoderma spp. included) break down complex organic matter, thus making it more available 
for crops. Organically-managed soils have a high number of microbes and levels of 
microorganism biomass, organic carbon, nutrient transformation rate, higher fungi count, and 
biomass of earthworms and arthropods (Mäder et al. 1996, Wang et al. 2012). These 
microorganisms, along with the organic matter they feed upon, make up the bulk total of soil 
organic matter. Components of soil organic matter play a large role in the overall health and 
productivity of a soil system. Soil organic matter is the repository of active nutrients important to 
plant growth such as phosphorus, iron, zinc, manganese, sodium, and copper (Yedidia et al. 
2001). Soil organic matter and clay content are the major components of soil pH buffering 
capacity since they offer many negatively charged sites that can bind with the positively charged 
hydrogen ions (Insam and Seewald 2010, McCauley et al. 2017).  
During anaerobic soil disinfestation, the soil microbial community is transformed. The rapid 
depletion of oxygen post-tarping and soil saturation causes a shift in the soil ecology that 
promotes soil microbes that can anaerobically metabolize abundant labile carbon. Organisms 
such as Clostridium, Enterobacter, and Acetobacter rapidly reproduce and quickly start to break 
down the organic compounds into VFAs, alcohols, and CO2 (Momma 2008). These products can 
then be metabolized by organisms such as facultative anaerobic species of Bacillus, which have 
been observed to be biocontrol organisms (Asaka and Shoda 1996, Huang et al. 2005, Nakano 
and Zuber 1998). Even so, VFAs eventually accumulate to concentrations lethal to many plant 
pathogens (Abbasi et al. 2009, Browning et al. 2006, Huang et al. 2015, Momma et al. 2006, 
Tenuta et al. 2002). 
After the ASD process (3 to 4 weeks), holes are punched into the polyethylene mulch and the 
soil microbial community changes due to increased aerobic activity. Several populations of soil 
fungi rise quickly upon the return of an aerobic environment. The most important fungi post 
ASD treatment in terms of biocontrol are likely Trichoderma, which has been demonstrated to be 
a biocontrol of plant pathogens (Kurakov et al. 2008, 2011). 
Sclerotium rolfsii 
Sclerotium rolfsi is the causal fungal pathogen of southern blight disease. S. rolfsii is a tropical to 
subtropical pathogen and is found on several continents. It prefers warm moist soils and grows 
best at temperatures over 25°C, but can grow at temperatures as low as 8°C (Punja 1985, Mullen 
2006). It has a wide host range including tomato, pepper, lettuce, and many other warm season 
vegetable crops (Mullen 2006). S. rolfsii can form long-term survival structures known as 
sclerotia. These structures form when mycelia condense and form a rind that hardens over time. 
Sclerotia can lay dormant in the soil for years and are easily dispersed by wind, water, and foot 
or farm vehicle traffic (Punja 1985, Xu 2008). As a plant pathogen, S. rolfsii symptoms normally 
start at the base of the plant and move towards the roots, but it can also attack the leaves and 
fruits if they are in contact with the soil. The first symptom usually noticed is general plant wilt 
and yellowing that is not remedied by watering. On close inspection at later stages, the entire 
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plant stem will appear girdled. S. rolfsii can cause significant economic losses due to its wide 
range of hosts and ability to lay dormant. Infestations range from a few plants to an entire crop 
(Mullen 2006) and disease severity ranges from minor to crop loss.  
Conclusion  
Many studies have demonstrated ASD’s ability to control a wide array of plant pathogens, 
including S. rolfsii. While some aspects of the process may have a greater influence on pathogen 
control than others, a picture has emerged that the ASD process is best viewed as a complete 
biological cycle. My goal through my studies is to evaluate specific components (VFA type and 
concentration, soil pH, soil texture, microbial community presence) of the ASD process in lab 
and controlled environment settings that allows for control of many of the variables that cannot 
be controlled in a field or greenhouse environment in order to evaluate the role VFAs play in the 
suppression of S. rolfsii. 
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CHAPTER 2 
 
VOLATILE FATTY ACID CONCENTRATION, SOIL PH AND SOIL TEXTURE 
ALTER EFFICACY OF ANAEROBIC SOIL DISINFESTATION IN SUPPRESSION 
OF SCLEROTIUM ROLFSII GERMINATION  
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Abstract 
Volatile fatty acids (VFAs), including acetic and n-butyric acid, are reported to play a role in the 
suppression of plant pathogen inoculum during anaerobic soil disinfestation (ASD), but it is 
unclear how VFAs affect sclerotia of Sclerotium rolfsii. To evaluate the effect of VFA, VFA 
concentration, soil pH and soil texture on germination of S. rolfsii sclerotia, a series of anaerobic 
growth chamber trials was conducted. In the first, sclerotia were exposed to 4, 8, or 16 mmol/kg 
dry soil concentrations of acetic or n-butyric acids in a sandy soil; soil pH values were buffered 
to 4.5, 5.5, or 6.5. Sclerotial germination was generally reduced by exposure to either acetic or n-
butyric acids, most notably at pH 4.5 (60% germination at 4 mmol/kg soil, 5% germination at 8 
mmol/kg soil, and 0% germination at 16 mmol/kg soil). Germination in water or HCl controls 
was consistently above 90%. In a second series of trials, sclerotia in sandy or sandy loam soil 
were exposed to VFAs at concentrations of 4 or 16 mmol/kg of soil and soil pH buffered to 4.5 
or 5.5. The effectiveness of VFAs for suppression of S. rolfsii germination was reduced in the 
sandy loam soil as compared to the sandy soil, especially at the lower VFA concentration of 4 
mmol/kg soil (e.g., at pH 4.5, > 80% germination in sandy loam versus < 10% germination in 
sandy soil). Clay content may play a role in this reduction. Germination of sclerotia was 
similarly low in both soil textures at the 16 mmol/kg soil VFA concentration. Acetic and n-
butyric acids in soil solution are likely a primary factor in suppression of germination and 
colonization of S. rolfsii during ASD treatment, and activity against these fungal propagules is 
dependent on concentration, solution pH and soil texture.  
Introduction  
While the process of biological or anaerobic soil disinfestation (ASD) has been reported as an 
effective alternative to soil fumigation for control of plant pathogens in several environments 
(Butler et al. 2014, Rosskopf et al. 2014, Shennan et al. 2014), the precise mechanisms of control 
are not well understood across environments and pathosystems. It is likely that numerous 
changes in soil chemical, physical and biological properties contribute to treatment effects of 
ASD treatment (Hewavitharana et al. 2015, 2016; Rosskopf et al. 2015, Shrestha et al. 2018). 
Short chain volatile fatty acids (VFAs), including acetic acid (2C), n-butyric acid (4C), 
isobutyric acid (4C), valeric acid (5C), and isovaleric acid (5C), are found in varying levels in 
most biologically active moist soils, but particularly proliferate during the anaerobic 
decomposition of labile carbon during ASD (Blok et al. 2000, Momma et al. 2006, Runia et al. 
2014). Acetic acid and n-butyric acid are found in relatively high concentrations in soil during 
ASD (Huang et al. 2015, Runia et al. 2014, Shrestha 2016). These compounds are an important 
component of control of some soilborne plant pathogens, including Fusarium oxysporum, 
Verticillium dahliae, Pratylenchus penetrans, and Pyrenochaeta terrestris (Blok et al. 2000, 
Browning et al. 2006, Huang et al. 2015, Momma et al. 2006, Runia et al. 2014, Shinmura 2004, 
Oka 2010), but it is not clear how fungal plant pathogens with large, resistant sclerotia, such as S. 
rolfsii, may potentially be impacted by VFAs during ASD treatment.   
Release of VFAs into soil during ASD leads to a reduction in soil pH (Momma et al. 2006). With 
the lower soil pH, a larger ratio of the VFAs are in a non-dissociated form due to pKa values 
near 4.8 for both acetic and n-butyric acids. The non-dissociated forms are generally more toxic 
to plant pathogens (Banage and Visser 1965, Oka 2010, McElderry et al. 2005, Runia et al. 
2014). It follows that the activity of VFAs against plant pathogens would likely be affected by 
soil pH and soil buffering capacity; buffered soils would have more neutral soil pH during ASD 
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treatment. At the same time, adsorption of VFAs by clay minerals and soil organic matter could 
potentially remove the compounds from soil solution and essentially deactivate toxicity to plant 
pathogen inoculum (Helling et al. 1964, Insam and Seewald 2010).  
The overall goal of our study was to evaluate the role of two VFAs at varying concentrations, 
soil pH, and soil texture on S. rolfsii germination following ASD treatment. Increased 
mechanistic understanding of ASD treatment will allow for more precise development of 
treatment recommendations for use of this biologically-based treatment. Our objectives were 1) 
to evaluate the role of concentration of acetic and n-butyric acid in suppression of germination of 
Sclerotium rolfsii sclerotia, 2) to evaluate the role of soil pH in suppression of germination of S. 
rolfsii sclerotia by acetic and n-butyric acid, and 3) to evaluate the effect of soil texture on 
suppression of S. rolfsii sclerotia germination by acetic and n-butyric acid. We hypothesized that: 
1) acetic and n-butyric acid would suppress germination of S. rolfsii sclerotia, in a dose-
dependent manner, 2) VFA-induced suppression of S. rolfsii sclerotia germination would 
increase as a function of lower soil pH, and 3) VFA-induced suppression of S. rolfsii sclerotia 
germination would be lessened by increasing soil clay content. 
Materials and Methods  
Study 1.1. VFA concentration and soil solution pH effects on S. rolfsii germination 
Sclerotium rolfsii isolated from hybrid field tomatoes at the East Tennessee Research and 
Education Center, Knoxville, TN, was isolated and cultured at room temperature in 6-well plates 
of 32 g/L potato dextrose agar (PDA) with addition of 6.9 mg/L fenpropathrin as a miticide 
(Danitol, Valent Chemical, Walnut Creek, CA). After 5 to 7 days, mycelial plugs were 
transferred to freshly-prepared PDA plates to stimulate production of sclerotia. Plates were 
incubated at room temperature. After a period of 3 to 4 weeks, mature sclerotia of consistent 
large size and dark color had formed. The largest were harvested under a biosafety cabinet. The 
plates were incubated for another 2 to 3 weeks and additional sclerotia were collected. The 
sclerotia were dried and stored at 8°C in Petri dishes sealed with Parafilm until use. 
Three VFA concentrations were selected based on preliminary data (4, 8, and 16 mmol/kg soil) 
to represent a typical range of the acids present in soil during the ASD process (Shrestha et al., 
unpublished data). Working solutions of VFAs were prepared by combining reagent-grade 
concentrated acids with autoclaved double-deionized water to achieve acid concentrations of 
0.027, 0.053, and 0.107 M. These concentrations were equivalent to 4, 8, and 16 mmol/kg in dry 
soil at the rates of solution and soil used. Working solution pH was determined using a pH 
electrode. To determine soil solution pH, 0.75 mL of the respective acid solution was added to 5 
g soil and left to equilibrate for 10 min. Once equilibrated, soil pH was measured using a pH 
electrode and soil mixed with 10 mL of 0.01M CaCl2 solution (Kissel et al. 2009). To achieve 
desired soil pH values based on buffering of respective soil textures, calcium hydroxide or 10% 
HCl solution was added to VFA solutions to achieve a desired soil pH of 4.5, 5.5, or 6.5. 
The study was a randomized complete block trial with four replicates per trial, which was 
repeated. To evaluate impact of VFA exposure on sclerotia germination, 10 g of autoclaved sand 
was added to 20-mL polypropylene scintillation vials, with 10 sclerotia added to each vial. 
Sclerotia and soil were mixed by light shaking. According to randomly assigned treatment, 1.5 
mL of respective stock solution (acetic acid, n-butyric acid, HCl, or water) was added to each 
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vial of soil to bring the 10 g of soil to water holding capacity without standing water in the vials. 
Vials were then lightly shaken again to ensure that all areas of the sand were thoroughly 
moistened by the solution. Lidded vials were placed into a controlled atmosphere chamber 
(PLAS LABS Model 855-AC, Lansing, MI) with an atmosphere of 90% N2, 5% CO2, and 5% H2, 
and the lids were removed for 5 min while the palladium molecular sieve of the anaerobic 
chamber removed existing oxygen from the chamber and vials. This process is accomplished by 
heating the canister of aluminized palladium pellets and passing chambered air through canisters; 
trace oxygen in the chamber comes into contact with hydrogen and the heated palladium pellets 
and is converted to water vapor. Vials were then re-capped and incubated in the chamber at room 
temperature for 4 days. A 4-day incubation period was used based on the cycles of VFA 
concentrations measured in previous ASD field experiments (Shrestha et al., unpublished data). 
Vials then were removed from the chamber, and sclerotia plated individually into 24-well plates 
with 32 g/L PDA amended with 6.9 mg/L Danitol and 10 mg/L rifampicin (Sigma-Aldrich, St. 
Louis, MO) and incubated at room temperature. Germination and colonization by other fungi 
was monitored and recorded over the course of 2 wks at 1, 3, 5, 7, 10, and 14 days. Most 
sclerotia germinated within the first 3 to 7 days. 
Study 1.2. VFA concentration and soil solution pH effect on S. rolfsii germination as affected by 
soil texture 
In study 1.2, effect of increased soil clay content was evaluated by comparing activity of VFAs 
in sandy soil to that in soil with a sandy loam texture. The study was a randomized complete 
block factorial design with two levels of soil texture (sandy, sandy loam), two VFAs (acetic, n-
butyric acids), two concentrations of VFAs (4, 16 mmol/kg soil), and two soil pH levels (4.5, 
5.5). An acid control of HCl at 16 mmol/kg and pH 4.5 was used in addition to a water control. 
There were four replicates in each of two (repeated) trials. Soil types included autoclaved sand as 
well as an autoclaved 50/50 mix of sand and field soil from the surface horizon of soil at the 
University of Tennessee Organic Crops Unit (Dewey silt loam, fine, kaolinitic, thermic Typic 
Paleudult), which resulted in a sandy loam soil texture with a clay content of 10%. Organic acid 
stock solutions were mixed to achieve desired concentrations of 4 and 16 mmol/kg soil, at 4.5 or 
5.5 soil pH, as described previously. Sclerotia were added to vials with soil and respective 
treatment solutions, and then placed in the anaerobic chamber as described for study 1.1. 
Following a 4-day incubation period, sclerotia germination was assessed as described for study 
1.1. 
Statistical analysis. Data were subjected to mixed models analysis of variance using PROC 
GLIMMix in SAS 9.4 (SAS Institute, Cary, NC). Study one experiment was a completely 
randomized factorial design with three factors. The main effects and interactions of VFA type, 
VFA concentration, and soil pH were treated as fixed effects and trial was treated as a random 
effect. Study two was similar with the addition of a soil texture main effect.  Differences between 
means were determined using an F-protected LSD at P < 0.05. Arcsine square root 
transformations were used to satisfy the nonnormal and unequal variances. Untransformed means 
and standard error of the mean were reported.  
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Results 
Study 1.1. VFA concentration and soil solution pH effects on germination and colonization of S. 
rolfsii sclerotia 
For germination, significant main effects were observed for VFA, VFA concentration, and soil 
pH (P-values for main effects and interactions are shown in Table 2.1). A significant two-way 
interaction was observed for soil pH x VFA concentration. There were no differences between 
treatment means for VFA x VFA concentration, VFA x soil pH, or VFA x concentration x pH 
interactions. Germination of sclerotia in the sterile water control was 100%, and germination of 
sclerotia from the HCl control averaged 98% across all soil pH treatments and VFA 
concentrations. 
For acetic and n-butyric acids, at 4 mmol/kg soil concentration, germination of sclerotia was 
36% and 21% germination, respectively at soil pH of 4.5 compared to soil pH 5.5 (95% and 88% 
respectively), soil pH 6.5 (90% and 72% respectively), and the HCl control (97%). This effect 
was even more apparent at the higher acid concentrations where at soil pH of 4.5, sclerotia 
germination was 2.5% or less (Fig 2.1). As soil pH increased from 4.5 to 5.5, germination rates 
were higher for all VFA concentrations. VFA concentration affected germination rates similarly 
for both acetic and n-butyric acids at pH 5.5, where germination decreased stepwise as VFA 
concentration increased (95% and 88% at 4 mmol/kg, 73% and 66% at 8 mmol/kg, and 35% and 
29% at 16 mmol/kg, respectively). Once the soil pH increased to 6.5, the predicted trend of 
suppression with increasing VFA concentration was not observed (Fig 2.1). For both acetic and 
n-butyric acids at this pH, the variation in germination rate seemed to be most affected by levels 
of colonization by other fungal organisms rather than that of acid concentration.  
For microbial colonization, significant effects were observed for VFA, the interaction of VFA 
and VFA concentration, and the interaction of VFA and soil pH (Table 2.1). There were no 
significant effects observed for the main effect of soil pH, VFA concentration, or the interactions 
of VFA and VFA concentration, soil pH and VFA concentration, or VFA, VFA concentration 
and soil pH (Table 2.1). The HCl and sterile water controls had less than 3% colonization. 
There was a significant difference in overall colonization levels between VFAs, acetic and n-
butyric acid, across all levels of soil pH and VFA concentration (30% and 16%, 
respectively).The VFA interaction with VFA concentration was significant, with the highest 
colonization observed from acetic acid at 16 mmol/kg soil (43% colonization) and intermediate 
colonization for acetic acid at 8 mmol/kg (30%). Acetic and butyric acid at 4 mmol/kg soil 
concentration were equivalent (18% colonization). Treatment with n-butyric acid at 8, and 16 
mmol/kg reduced colonization (14%). The interaction between VFA and soil pH was significant 
with the highest colonization rate observed for acetic acid at soil pH 4.5 (47% colonization) 
compared with that of acetic acid at soil pH 5.5 (29% colonization) and n-butyric acid at soil pH 
5.5 and 6.5 (18% colonization). The lowest colonization was observed for acetic acid at soil pH 
6.5 and n-butyric acid at soil pH 4.5 (13% colonization). 
Study 1.2. VFA concentration and soil solution pH effect on S. rolfsii germination as affected by 
soil texture 
For sclerotia germination, significant main effects were observed for VFA, VFA concentration, 
and soil texture (P-values for main effects and interactions are shown in Table 2.2). Significant 
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interaction effects were observed for VFA concentration x soil pH, VFA concentration x soil 
texture, VFA x VFA concentration x soil texture and VFA concentration x soil pH x soil texture 
(Table 2.2). Germination of sclerotia from the HCl and water controls averaged 97%. 
For both acetic and n-butyric acids at 4 mmol/kg soil concentration, germination was 
significantly reduced at soil pH 4.5 in the sandy soil (6% and 1% germination, respectively) 
compared to that of the sandy loam soil (85% germination for both VFAs). Similarly, at 4 
mmol/kg soil concentration, germination was significantly reduced at soil pH 5.5 in the sandy 
soil (51% germination for acetic and 19% for n-butyric) compared with the sandy loam soil 
(83% germination for both VFAs). At the 16 mmol/kg soil concentration, germination was 
significantly reduced at soil pH 4.5 for both acetic and n-butyric acids in both the sandy (20% 
and 19% germination, respectively) and sandy loam (10% and 4% germination, respectively) 
soils. This effect was also observed for the 16 mmol/kg soil concentration at the soil pH of 5.5 
where the germination rate for the sandy and sandy loam soils was not different and averaged 
between 3% and 9% germination. 
For the three-way interaction between VFA concentration, soil pH and soil texture, significant 
differences were observed at the 4 mmol/kg VFA concentration where the sclerotial germination 
rate in sandy soil at pH 4.5 was 4% compared to the 85% germination rate in sandy loam (Fig 
2.2). At pH 5.5 the sclerotial germination rate in sandy soil was 35% compared with the 83% 
germination rate in sandy loam. At the 16 mmol/kg soil VFA concentration no significant 
differences were seen at either pH across soil textures (Fig 2.2). 
For the three-way interaction between VFA type x VFA concentration x soil type, at the 4 
mmol/kg soil VFA concentration both acetic and n-butyric acid had significantly higher levels of 
sclerotial germination (84%) in sandy loam compared to the sandy soil texture (29% and 10% 
respectively) (Fig 2.3). At the higher 16 mmol/kg VFA concentration no significant differences 
were observed between either VFA in interaction with soil texture (Fig 2.3).   
For colonization of sclerotia, significant main effects were observed for VFA concentration and 
soil texture (P-values for main effects and interactions are shown in Table 2.2). Significant 
interaction effects were observed for VFA and soil pH, VFA concentration and soil pH, VFA 
and soil texture, VFA concentration and soil texture, and soil pH and soil texture. There was also 
a significant interaction of VFA, VFA concentration, and soil pH. For both the HCl and sterile 
water controls, colonization rates were 3% or less.  
In this study, the most significant factor in colonization was soil texture. For all levels of soil pH 
and VFA concentration, the rate of colonization between the sandy loam and sandy soil were 
significant with differences increasing as both VFA concentration and soil pH increased. Both 
VFAs had much higher rates of colonization in the sandy loam soil compared to the sandy soil.  
For both acetic and n-butyric acids at 4 mmol/kg soil concentration, colonization was 
significantly reduced (34% and 65% colonization, respectively) compared to the controls (3%). 
Soil texture played a significant factor in colonization rates with the sandy soil having a mean 
colonization rate of 21% compared to the sandy loam soil, which had a mean colonization rate of 
78%. A soil pH of 4.5, acetic and n-butyric acids had significantly different colonization rates 
(57% and 46%, respectively) while at soil pH 5.5, they were similar (45% and 50%, respectively; 
data not shown). The VFA concentration interaction with soil pH had similar colonization rates 
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between both soil pH at 4.5 and 5.5 for VFA concentration of 4 mmol/kg soil (32% and 36%, 
respectively) but significantly different colonization rates between the two soil pH values at the 
16 mmol/kg soil concentration (70% and 59%, respectively). The VFA interaction with soil 
texture showed that both acetic and n-butyric acid had similar colonization rates in sandy loam 
soil (75% and 81% colonization, respectively) but were significantly different in the sandy soil 
(27% and 16%, respectively). For the VFA concentration interaction with soil texture, 
colonization rate was significantly different for all four combinations of VFA concentration and 
soil texture. The 4 mmol/kg soil concentration in sandy soil differed from that of the sandy loam 
(10% and 58%, respectively). At the 16 mmol/kg VFA concentration, colonization rates differed 
between sandy soil and sandy loam as well (32% and 97%, respectively).  The soil pH 
interaction with soil texture showed that the sandy loam soil had a similar colonization rate at 
soil pH of 4.5 and 5.5 (75% and 80%, respectively). However, the sandy soil had differing 
colonization rates between soil pH of 4.5 and 5.5 (28% and 14%, respectively; data not shown). 
Colonization rates in acetic and n-butyric treatments at the 16 mmol/kg soil concentration were 
similar at pH 4.5 (70 and 71%, respectively) and soil pH 5.5 (64% and 54%, respectively). At the 
4 mmol/kg soil concentration and soil pH 4.5, the VFAs had significant differences in 
colonization rate (43% and 21%, for acetic and n-butyric, respectively). This difference was also 
observed at soil pH 5.5 at the 4 mmol/kg soil concentration (25% and 46%, respectively). The 
interaction of VFA concentration and soil pH was also significant. The 4 mmol/kg VFA 
concentration had lower rates of sclerotial colonization compared to the 16 mmol/kg VFA 
concentration (Fig 2.4). At the 4 mmol/kg VFA concentration both pH 4.5 and 5.5 had similar 
colonization (32% and 36%, respectively) but at the 16 mmol/kg VFA concentration there was a 
significant difference with pH 4.5 having a colonization rate of 70% compared to the 59% 
observed at pH 5.5 (Fig 2.4). For the VFA concentration and soil texture interaction, at 4 
mmol/kg soil VFA concentration colonization rates differed between the sandy and sandy loam 
soil textures (10% and 58%, respectively; Fig 2.5). This difference between soil textures was 
also observed at the 16 mmol/kg VFA concentration (32% and 97%, respectively; Fig 2.5). 
Discussion 
Study 1.1. Germination 
Soil pH plays a significant role in activity of VFAs against S. rolfsii germination. The HCl 
control did not reduce sclerotia germination rates at equivalent soil pH and concentration to the 
VFAs, which indicates that suppression due to VFA exposure is not directly caused by acidic pH 
and high acid concentration. The lack of HCl–induced germination suppression leads us to 
hypothesize that it is the fungal uptake of the VFAs that allows for inhibition of germination. 
Both acetic and n-butyric acids are capable of being metabolized by fungi as a carbon source, 
and are able to diffuse into the cell while undissociated (non-ionized), which can lead to the 
acidification of the cell cytoplasm (Browning et al. 2006, Tenuta et al. 2002, Ushiwata et al. 
2009) and eventually the death of the cell. Similarly, Doran (1928) found that bacterial 
organisms can live in lower pH if the pH is regulated by HCl compared to when pH is regulated 
with acetic acid. 
Study 1.1. Colonization  
For microbial colonization of sclerotia post exposure, the major trend that is apparent from study 
1.1 is that n-butyric acid had less fungal colonization that those in acetic acid treatment. This was 
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most apparent at VFA concentration of 16 mmol/kg soil, but trends were similar across VFA 
concentration and soil pH. This may have been caused by several differences in the properties of 
n-butyric acid compared to acetic acid. First, n-butyric acid has a higher molecular weight than 
acetic acid (88 g/mol compared to 60 g/mol). Second, n-butyric acid has a longer carbon chain 
(four compared to two C). These factors combine to give n-butyric acid a significantly lower 
vapor pressure than that of acetic acid (0.43 mm Hg compared to 11.4 mm Hg) at 20°C. This 
could indicate that acetic acid may dissipate significantly quicker than n-butyric acid, which 
would likely hinder its ability to suppress more resistant organisms such as fungi with resistant 
survival structures (Tenuta et al. 2002). 
Study 1.2. Germination 
The hypotheses for study 1.2 were that suppression of sclerotia germination would increase as a 
function of both VFA concentration and decreased soil pH. In addition, it was hypothesized that 
increasing clay content would reduce the activity of VFAs against S. rolfsii. In each case, the 
results of the study support our hypotheses and further emphasize the significant role VFAs play 
during the ASD process. The results also support the major role that soil texture plays in how 
effective VFAs are at reducing germination rates of S. rolfsii. 
Of the two soil types, the sandy loam contained a higher percentage of clay (10% vs. 0%) and 
slightly higher organic matter (1% vs. 0%). The sandy loam also harbored residual organisms 
that survived the autoclaving process. These factors enhanced sclerotial colonization by several 
fungal pathogens post VFA exposure. The most common microbial colonists of sclerotia 
throughout the study were Trichoderma, Mucor and Penicillium. These endemic soil 
microorganisms were likely able to make use of the higher organic matter in the sandy loam soil. 
Another possibility is that the higher clay content of the sandy loam soil promoted colonization 
by inhibiting the effectiveness of the VFAs. By binding VFAs in solution and making them 
unavailable to both the sclerotia and other soil organisms, the clay reduced the active amounts of 
VFAs in soil solution (Helling et al. 1964, Insam and Seewald 2010, Serrano and Gallego 2006). 
It is possible that the reduction in VFA concentration by clay and soil organic content, caused the 
remaining VFA concentration to be low enough that soil microorganisms metabolizing them 
could do so at a slow enough rate that the cytoplasm did not become acidic enough to disrupt cell 
function. This would allow the organisms to make use of other carbon sources naturally found in 
the sandy loam soil. 
Study 1.2. Colonization 
As in study 1.1, n-butyric acid was associated with a reduction in colonization rated compared to 
acetic acid. Specifically, it reduced the number of fungal colonizers. Also, there was a significant 
amount of Bacillus, rather than fungi, that contributed to the colonization of n-butyric acid. This 
may be due to the ability of Bacillus to metabolize n-butyric acid under anaerobic conditions 
better than most other soil organisms (Dwider et al. 2013, Massie et al. 1985).  
Overall the results from this study indicate that volatile fatty acids such as acidic and n-butyric 
acid likely play a major role in the suppression of Sclerotium rolfsii during the anaerobic soil 
disinfestation process. Presence of these VFAs at lower soil pH (4.5 to 5.5) allows for a high 
proportion of the non-ionized form of each acid to be present in soil solution. This non-ionized 
state allows the acids to be taken into the cytoplasm of the fungal cells where the increased 
acidity halts the germination process. While the combination of high VFA concentration and low 
soil pH led to the most effective reduction in germination, lower concentrations of VFAs can still 
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be effective, but the mechanism is likely more complex. Inhibition at the lower concentrations 
may be a function of weakened sclerotia and enhanced sclerotial colonization by fungal 
antagonists such as Trichoderma.  
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Appendix: Figures and Tables 
 
 
 
 
Figure 2.1. Mean percentage germination of Sclerotium rolfsii sclerotia in study 1.1 as affected 
by volatile fatty acid (VFA) concentration and soil pH. Bars indicated by the same letter are not 
significantly different according to an F-protected LSD at P < 0.05.  
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Figure 2.2. Mean percentage germination of Sclerotium rolfsii sclerotia in study 1.2 as affected 
by volatile fatty acid (VFA) concentration, soil pH, and soil texture. Bars indicated by the same 
letter are not significantly different according to an F-protected LSD at P < 0.05. 
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Figure 2.3. Mean percentage germination of Sclerotium rolfsii sclerotia in study 1.2 as affected 
by volatile fatty acid (VFA), VFA concentration, and soil texture. Bars indicated by the same 
letter are not significantly different according to an F-protected LSD at P < 0.05. 
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Figure 2.4. Mean percentage colonization of Sclerotium rolfsii sclerotia in study 1.2 as affected 
by volatile fatty acid (VFA) concentration and soil pH. Bars indicated by the same letter are not 
significantly different according to an F-protected LSD at P < 0.05. 
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Figure 2.5. Mean percentage colonization of Sclerotium rolfsii sclerotia in study 1.2 as affected 
by volatile fatty acid (VFA) concentration and soil texture. Bars indicated by the same letter are 
not significantly different according to an F-protected LSD at P < 0.05. 
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Table 2.1. Analysis of variance for response variables of germination and colonization of 
Sclerotium rolfsii sclerotia in study 1.1 as affected by the main effects of volatile fatty acid 
(VFA), VFA concentration, soil pH, and their interactions. NS = not significant, P > 0.05. 
 
 
Germination Colonization 
Effect ------------------P-values----------------- 
 
VFA 0.0497 0.002 
VFA concentration <0.0001 NS 
VFA x VFA concentration NS 0.002 
Soil pH <0.0001 NS 
VFA x soil pH NS 0.001 
VFA concentration x soil pH <0.0001 NS 
VFA x VFA concentration NS NS 
VFA x VFA concentration x soil pH NS NS 
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Table 2.2. Analysis of variance of response variables germination and colonization of Sclerotium 
rolfsii sclerotia in study 1.2 as affected by main effects of volatile fatty acid (VFA), VFA 
concentration, soil pH, soil texture and their interactions. NS = not significant, P > 0.05. 
 
 Germination  Colonization 
Effect ---------------P-values---------------- 
VFA 0.008 NS 
VFA concentration <0.0001 <0.0001 
VFA x VFA concentration NS NS 
Soil pH NS NS 
VFA x soil pH NS 0.04 
VFA concentration x soil pH 0.0004 0.04 
VFA x VFA concentration x soil pH NS 0.0003 
Soil texture <0.0001 <0.0001 
VFA x soil texture NS 0.01 
VFA concentration x soil texture <0.0001 0.008 
VFA x VFA concentration x soil texture 0.05 NS 
Soil pH x soil texture NS 0.04 
VFA x soil pH x soil texture NS NS 
VFA concentration x soil pH x soil texture 0.0007 NS 
VFA x VFA concentration x soil pH x soil texture NS NS 
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CHAPTER 3 
 
ROLE OF VFA AND CONCENTRATION, CARBON AMENDMENT, AND 
PRESENCE OF ENDEMIC SOIL MICROBIAL COMMUNITY DURING ASD IN 
THE SUPPRESSION OF S. ROLFSII GERMINATION AND ENDEMIC 
TRICHODERMA POPULATIONS 
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Abstract 
Volatile fatty acids (VFAs), such as acetic and n-butyric acid, are known to play a role in 
suppression of plant pathogen inoculum, e.g. Sclerotium rolfsii, during anaerobic soil 
disinfestation (ASD), but it is unclear how VFAs, organic amendments, and their interaction 
affect sclerotia of S. rolfsii. To evaluate effects of VFA concentration and soil amendments on 
the germination rates of S. rolfsii sclerotia post exposure, a series of anaerobic growth chamber 
trials were conducted. Alongside anaerobic growth chamber trials, greenhouse trials were 
conducted to evaluate endemic soil populations of Trichoderma spp. following the same ASD 
treatments. To evaluate effects of VFA concentration and organic amendment on sandy loam 
soil, soil amended with dry molasses or non-amended was exposed to 4, 8, or 16 mmol/kg dry 
soil concentrations of acetic and n-butyric acids at a soil pH buffered to 4.5. Soils were sampled 
post treatment and Trichoderma spp. Populations were assessed by standard dilution plating onto 
PDA plates. In carbon-amended soils there was a population increase of over 300% (3.4 x 106 
colony forming units (CFU)/g soil) compared to the non-amended soil (9.6 x 105 CFU/g soil). In 
order to evaluate how these conditions affect germination rate of S. rolfsii, a second series of 
trials was conducted in an anaerobic growth chamber. Sclerotia of S. rolfsii were exposed to 4, 8, 
or 16 mmol/kg dry soil concentrations of acetic or n-butyric acids, in autoclaved or non-
autoclaved sandy clay loam soil, which was either amended with dry molasses or non-amended. 
Sclerotial germination and colonization was measured. Sclerotial germination was generally 
reduced by exposure to either acetic or n-butyric acids, and most notably reduced by VFAs in 
autoclaved soil (29% germination). Overall, mean germination rates in n-butyric acid were 
significantly lower than those of acetic acid (32% and 44%, respectively). Germination rates 
were reduced as acid concentration increased to 4, 8, and 16 mmol/kg concentration (56%, 38% 
and 19%, respectively). 
Introduction 
While the process of biological or anaerobic soil disinfestation (ASD) has been reported to be an 
effective alternative to soil fumigation for control of plant pathogen inoculum in several 
environments (Butler et al. 2014, Rosskopf et al. 2014, Shennan et al. 2014, Shrestha et al. 
2016), the precise mechanisms of control are not well understood across environments and 
pathosystems. It is likely that numerous changes in soil chemical, physical, and biological 
properties contribute to ASD treatment effects (Rosskopf et al. 2015, Hewavitharana et al. 2015, 
2016). Volatile fatty acids (VFAs), including acetic acid, n-butyric acid, isobutyric acid, valeric 
acid, and isovaleric acid, are found in varying levels in most biologically active moist soils, but 
particularly proliferate during the anaerobic decomposition of labile carbon during ASD (Blok et 
al. 2000, Momma et al. 2006, Runia et al. 2014). There are multiple reports that acetic acid and 
n-butyric acid are found in relatively high concentrations in soil during ASD (Huang et al. 2015, 
Runia et al. 2014, Shrestha 2016). These compounds are an important component of control for 
inoculum of some soilborne plant pathogens, including Fusarium oxysporum, Verticillium 
dahliae, Pratylenchus penetrans, Pyrenochaeta terrestris, and several other nematode species 
(Blok et al. 2000, Browning et al. 2006, Huang et al. 2015, Momma et al. 2006, Runia et al. 
2014, Shinmura 2004, Oka 2010), but it is not clear how VFAs and the presence of additional 
carbon amendments affect potential mycoparasites of plant pathogens, such as Trichoderma spp., 
during ASD treatment.   
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Release of VFAs into soil during ASD lowers soil pH (Momma et al. 2006). With the lower soil 
pH, a larger ratio of the VFAs are in a non-dissociated form due to pKa values near 4.8 for both 
acetic and n-butyric acids. The non-dissociated forms are generally, more toxic to plant 
pathogens (Runia et al. 2014). It follows that because the activity of VFAs suppress soil borne 
plant pathogen inoculum (such as S. rolfsii), that it would likely also affect other organisms 
present in the soil such as the potential fungal mycoparasite, Trichoderma. 
Trichoderma is a fungal genus with numerous described species found commonly in soils, 
especially in soils rich in root systems. The free-living fungus is an effective biocontrol for 
several fungal plant pathogens including Fusarium, Phytophthora, and Sclerotium rolfsii (Mishra 
et al. 2011). Trichoderma species have also been linked to the promotion of plant growth and 
drought resistance in plants (Benitez et al. 2004, Duffy 1997, Yedidia et al. 2001). Trichoderma 
has also been shown to play an important role in bioremediation of soil given its ability to break 
down components of several insecticides and herbicides (Arfarita et al. 2016). As a biocontrol 
Trichoderma spp. use several mechanisms to retard or inhibit the growth of plant pathogens. 
Mycelium can directly parasitise and lyse the mycelia of other fungi and integuments of 
nematodes via enzymes (Chet et al. 1981, Sharon 2001) and produce antibiotics that negatively 
affect other soilborne organisms (Mishra et al. 2011). Trichoderma can also act as direct 
competitors to other soil fungi, thus reducing the nutrients available to other more pathogenic 
species (Benitez et al. 2004). It follows that populations of Trichoderma spp. may be an 
important consideration in evaluation of non-chemical and biological techniques of soil 
disinfestation. If endemic populations of Trichoderma spp. could be maintained or enhanced it 
could potentially add to the suppressive ability of ASD treatments as a whole. 
Sclerotium rolfsii, causes southern blight. It has a wide host range including tomato, pepper, 
lettuce, and many other warm season vegetable crops (over 500 species) (Mullen 2001). Long 
term survival structures known as sclerotia are formed by S. rolfsii when mycelium condenses 
and forms a rind that hardens over time. Sclerotia can lay dormant in the soil for years and are 
easily dispersed by wind, water, and foot or farm vehicle traffic (Punja 1985, Xu 2008). Southern 
blight disease symptoms normally start from the base of the plant and move toward the roots, but 
the pathogen can also attack the leaves and fruits if they are in contact with the ground. The first 
sign is typically yellowing and general plant wilt that is not remedied by watering. In later stages, 
the entire plant stem will appear girdled. Sclerotium rolfsii occurs in tropical to subtropical 
regions and is found on several continents. It prefers warm moist soils and grows best at 
temperatures over 25°C, however it can grow at temperatures as low as 8°C (Punja 1985, Mullen 
2001). Economic damage due to S. rolfsii is an issue since it has a wide range of hosts and the 
ability to remain dormant. Infestations range from localized on a few plants to decimating an 
entire crop (Mullen 2001). Both Trichoderma spp. (Bulluck and Ristiano 2001, Kucuk and 
Kivanc 2003, Mishra et al. 2011, Shennan et al. 2014, Shrestha et al. 2018) and VFA 
concentrations (Abbasi et al. 2009, Browning et al. 2006, Huang et al. 2015, Momma et al. 2006, 
Tenuta et al. 2002) affect germination and retard pathogenicity of fungal pathogens. Filtrates 
from Trichoderma suppressed a wide range of fungal plant pathogens, such as Fusarium 
culmorum, F. oxysporum, F. moniliforme, Rhizoctonia, and Sclerotium rolfsii. Trichoderma 
directly competes with other soilborne organisms for nutrients. Bulluck and Ristiano (2001) and 
Shrestha et al. (2018) observed that Trichoderma suppressed S. rolfsii and that populations of 
Trichoderma were enhanced by addition of organic amendments. This observation was 
supported by Shennan et al. (2014) who observed Trichoderma directly parasitizing S. rolfsii 
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post ASD treatment. Studies by Abbasi et al. (2009) and Tenuta et al. (2002) indicated that VFAs 
reduced the number of microsclerotia of Verticillium dahliae after several days, and the effect 
was more pronounced at lower soil pH. This was corroborated by Browning et al. (2006) who 
postulated that it is the undissociated form of the organic acids that make them able to readily 
diffuse across cell membranes leading to acidification of the cytoplasm. Acetic and butyric acids 
were found in the highest abundance during ASD and they suppressed F. oxysporum along with 
other fungal and nematode species (Huang et al. 2014 and 2015, Momma et al. 2006). In trials by 
Momma et al. (2006) bacterial wilt caused by R. solanacearum was also reduced. Therefore, 
methods of anaerobic soil disinfestation that enhances both mechanisms of control would likely 
enhance ASD treatment effects. 
Based on preliminary data and previous studies, the goal of study 2.1 was to evaluate the role of 
two VFAs at varying concentrations on populations of endemic Trichoderma spp. following 
ASD treatment. Carbon amendments were also added as a treatment factor. The goal of study 2.2 
was to evaluate the same treatment effect on germination of S. rolfsii sclerotia, with the addition 
of the treatment factor of autoclaved versus non-autoclaved soil. Increased mechanistic 
understanding of ASD treatment will allow for more precise development of treatment 
recommendations for effective use of biologically-based ASD treatment. 
Our objectives were as follows: 1) evaluate impact of acetic and n-butyric acids and carbon 
amendment during ASD on Trichoderma spp. population dynamics post ASD treatment, and 2) 
evaluate effect of soil microbial community and carbon amendment on suppression of 
germination of S. rolfsii sclerotia during ASD. We hypothesized that: 1) acetic and n-butyric 
acids will increase the activity of Trichoderma spp. populations and activity will be a function of 
acid concentration and carbon amendment and 2) soil microbial activity and carbon amendments 
used during ASD will alter the effect of VFAs on S. rolfsii germination. 
Materials and Methods 
Study 2.1. Response of endemic soil populations of Trichoderma spp. to VFA, VFA 
concentration, and organic soil amendments during ASD  
To evaluate Trichoderma spp. levels post ASD treatment, 20-cm plastic pots were filled with 1.3 
kg sandy loam soil (a 50:50 mixture of field soil from the East Tennessee Research and 
Education Center, Knoxville, TN and sand). The study was established as a randomized 
complete block trial with four replicates per trial, which was repeated. Treatments included a 
factorial combination of two VFAs (acetic, n-butyric), three VFA concentrations (4, 8, and 16 
mmol/kg soil), and two organic amendment rates (unamended, amended). The organic 
amendment was a mixture of dry molasses and corn starch at a rate of 4 mg C/g soil and a carbon 
to nitrogen ratio of 30:1. Control treatments included sterile water and HCl at 16 mmol/kg soil 
and included both amended and unamended treatments. Following organic amendments, 300 mL 
of VFA (or water/HCl for controls) solution was applied to each pot and pots were sealed using 
polyethylene mulch secured on each pot with heavy-duty rubber bands. The pots were incubated 
for 3 weeks in a greenhouse (13 to 18°C at night and 21 to 27°C during the day). After 3 weeks, 
the polyethylene mulch was removed and soil samples (30g) were taken from the center of the 
pot at a depth of 0 to 3 cm and stored at 4°C until analysis. 
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Concentrations of VFA were selected based on previous studies (4, 8, and 16 mmol/kg soil) to 
represent a typical range of the acid concentrations present in soil during the ASD process 
(Shrestha et al., unpublished data). Working solutions were created by combining reagent-grade 
concentrated VFA with autoclaved double deionized water to achieve acid concentrations of 
0.027, 0.053, and 0.107 M. These concentrations were equivalent to 4, 8, and 16 mmol/kg dry 
soil given treatment application rates. Stock solution pH was determined using a pH electrode 
(Orion Star A221, Thermo Scientific, Waltham, MA). To determine soil solution pH, 0.75 mL of 
acid solution was added to 5 g soil and left to equilibrate for 10 min. Once equilibrated, soil pH 
was measured using a pH electrode in soil mixed with 10 mL of 0.01M CaCl2 (Kissel et al. 
2009). To achieve the desired pH value of 4.5, based on buffering of respective soil types, 
Ca(OH) 2 or 10% HCl solution was added to VFA solutions in small quantities while pH was 
continuously monitored.  
To determine the population of Trichoderma spp. in each sample, 1 g of soil was added to 9 mL 
of sterile double deionized water, and serial dilutions from 10-1 to 10-3 were prepared. From each 
dilution, 0.1 mL was spread onto Trichoderma selective potato dextrose agar (TSM) containing 
39 g/L-1 PDA amended with 0.02 g/L, rose bengal, 0.3 g/L chloramphenicol, 0.02 g/L 
streptomycin sulfate, maintained at pH 6. Once the dilution was absorbed by the media the plates 
were covered and incubated in dark storage boxes for 3 days, after which Trichoderma spp. 
colony forming units (CFUs) were counted. 
Study 2.2. Role of endemic soil microbial activity and carbon amendment on VFA-induced 
suppression of S. rolfsii germination during ASD 
To evaluate effect of endemic soil microbial activity and carbon amendment on VFA-induced 
suppression of S. rolfsii germination, the activity of VFAs in field soils that were either 
autoclaved (45 min at 121°C and 15 psi, twice, 24 hours apart) or not autoclaved, and amended 
with an organic amendment or not amended. The study was a randomized complete block 
factorial design with two levels of soil type (autoclaved, non-autoclaved), two amendment rates 
(amended, non-amended), two VFAs (acetic, n-butyric acids), and three VFA concentrations (4, 
8, 16 mmol/kg soil at a single soil pH of 4.5). HCl was used as an acid control at a soil pH of 4.5 
and 16 mmol/kg soil concentration, and sterile water was used as a baseline control. There were 
four replicates in each of two repeated trials of the study. The soil was air-dried field soil from 
the surface horizon at the University of Tennessee Organic Crops Unit (Dewey silt loam, fine, 
kaolinitic, thermic typic Paleudult) mixed in equal parts with sand by volume, which resulted in 
a sandy loam soil texture with a clay content of 10%. Organic acid stock solutions were mixed to 
achieve desired concentrations of 4, 8, and 16 mmol/kg soil, as described previously. 
Sclerotium rolfsii sclerotia was prepared from a culture originally isolated from hybrid field 
tomatoes at the East Tennessee Research and Education Center, Knoxville, TN, cultured at room 
temperature on Felicity F1 pepper leaf and stem tissue. Briefly, frozen pepper tissue was 
chopped (< 2.5 cm) and placed into 1-L Erlenmeyer flasks corked with polyfill and cheesecloth 
and covered with aluminum foil. Tissue was autoclaved twice with 24-h between each treatment. 
After the second autoclave cycle, flasks were cooled to room temperature and ten sclerotia of S. 
rolfsii were added to each flask. The flasks were incubated for 3 to 4 weeks until large numbers 
of sclerotia were produced. Sclerotia were harvested under a biosafety cabinet and left in an open 
Petri dish in the hood to dry overnight. Sclerotia were stored at 8°C in parafilmed Petri dishes 
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until needed. Using this method, with 300-cm3 pepper tissue (autoclaved volume) produced 
approximately 1,000 sclerotia per flask. 
To evaluate sclerotia, germination after post exposure to VFAs, 10 g of soil and 10 sclerotia each 
were added to 20-mL polypropylene scintillation vials and mixed by light shaking. According to 
randomly assigned treatment, 1.5 mL of solution (acetic acid, n-butyric acid, HCl, or water) was 
added to each vial of soil to bring the 10 g of soil, the water holding capacity of the soil mixture 
(without standing water in the vials). Vials were then lightly shaken to ensure that all areas of the 
sand were thoroughly moistened by the solution. Lidded vials were placed into a controlled 
atmosphere chamber (Model 855-AC, PLAS LABS, Lansing, MI) with an atmosphere of 90% 
N2, 5% CO2, and 5% H2 then lids were removed for five min while the palladium molecular sieve 
of the anaerobic chamber removed existing oxygen from the chamber and vials. This process is 
accomplished by heating the canister of aluminized palladium pellets and passing the chambered 
air through the cannisters; trace oxygen in the chamber reacts with hydrogen in the presence of 
the heated palladium pellets and is converted to water. Vials were then re-lidded and then 
incubated in the chamber at room temperature for 4 days. A 4-day period was selected based on 
the cycles of VFA concentrations seen in previous ASD field experiments (Shrestha et al., 
unpublished data). After the 4-day period, vials were removed from the chamber, and sclerotia 
plated individually into 24-well plates with 32 g/L PDA with 6.9 mg/L Danitol and 10 mg/L 
rifampicin (Sigma-Aldrich, St. Louis, MO) and incubated at room temperature. Germination and 
colonization by other fungi or bacteria was monitored and recorded over the course of 2 weeks at 
1, 3, 5, 7, 10, and 14 days. Most sclerotia germinated within the first 3 to 7 days. 
Statistical analysis. Data were subjected to mixed models analysis of variance using PROC 
GLIMMix in SAS 9.4 (SAS Institute, Cary, NC). The experiment was a completely randomized 
factorial analysis design with three factors. The main effects and interactions of VFA, VFA 
concentration, soil amendment and/or soil type were treated as fixed effects and trial treated as a 
random effect. Differences between means were determined with an F-protected LSD at P ≤ 
0.05. Logarithmic (Trichoderma spp.) or arcsine square root (germination and colonization) 
transformations of data were used to satisfy the non-normal distribution and unequal variances. 
Untransformed means and standard error of the mean are reported. 
Results 
Study 2.1. Response of endemic soil populations of Trichoderma spp. to VFA, VFA 
concentration, and organic soil amendments during ASD 
 P-values for each main effect and interaction and shown in Table 3.1. Amended soil had a 
population of 3.4 x 106 CFU/g soil and non-amended soil had a population of 9.6 x 105 CFU/g 
soil. The other main effects of VFA and VFA concentration were not significant. The 
interactions between these effects were also not significant (Table 3.1). The population of the 
non-amended HCl control group was 1.6 x 105 while the amended HCl control had a population 
of 5.8 x 103. 
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Study 2.2, Role of endemic soil microbial activity and carbon amendment on VFA-induced 
suppression of S. rolfsii germination during ASD 
P-values for each main effect and interaction are shown in Table 3.2. Significant main effects on 
sclerotia germination were observed for VFA, VFA concentration, and soil autoclaving, but not 
soil amendment (Table 3.2). A significant interaction effect was observed between VFA 
concentration and soil autoclaving (Table 3.2). Germination of sclerotia in the water control and 
HCl control was 100% regardless of soil autoclaving or amendment. 
For the main effect of VFA, the germination rate of acetic acid averaged 44% compared to 32% 
for n-butyric acid (Table 3.3). For the effect of VFA concentration, germination rate in the 4 
mmol/kg treatment averaged 57% compared to the 38% at the 8 mmol/kg soil treatment and 19% 
at the 16 mmol/kg soil treatment, which all differed significantly. For soil autoclaving, 
germination averaged 47% for the autoclaved soil type which was significantly more than that 
for the non-autoclaved soil type (29% germination). 
For the interaction effect between VFA concentration and soil autoclaving, at 4 mmol/kg soil 
sclerotia germination did not significantly differ between the autoclaved soil (57% germination) 
and the non-autoclaved soil (56% germination) when averaged across VFAs (Fig. 3.1). At 8 
mmol/kg soil, soil autoclaving differed significantly between soil types with autoclaved soil 
having a germination rate of 49% compared with that of the non-autoclaved soil at 27%, 
averaged across VFA. At 16 mmol/kg soil concentration, the non-autoclaved soil had a sclerotia 
germination rate of 35% compared to the 4% in the autoclaved soil.  
For colonization of sclerotia, significant main effects were observed for VFA, VFA 
concentration, soil amendment, and soil autoclaving(Table 3.2). A significant interaction effect 
was observed between soil amendment and soil autoclaving. Colonization of sclerotia in the non-
autoclaved sterile water controls averaged (79%) and colonization of the non-autoclaved HCl 
control averaged (95%). 
For the VFA main effect, overall colonization rates of sclerotia in acetic acid treatments 
averaged 49% compared to 27% colonization in n-butyric acid treatments (Table 3.3). The main 
effect of VFA concentration showed 49% colonization at 4 mmol/kg and 42% colonization at 8 
mmol/kg soil, which were higher than that at 16 mmol/kg soil (23% colonization; Table 3.3). For 
soil amendment, 32% colonization was observed for the non-amended soil type compared to 
44% colonization in the amended soil treatments. The mean colonization rate for the non-
autoclaved soil type was 58%, which was higher than that observed in the autoclaved soil type 
(19% colonization).  
For the significant interaction effect observed between soil amendment and soil autoclaving, 
mean colonization was highest in non-autoclaved soil treatments (54% to 61%), intermediate in 
autoclaved soils that were amended (28% colonization) and lowest in autoclaved soils that were 
not amended (10%; data not shown). 
 
39 
 
Discussion 
Study 2.1. Response of endemic soil populations of Trichoderma spp. to VFA, VFA 
concentration, and organic soil amendments during ASD 
There was not a significant difference between 4, 8, and 16 mmol/kg soil on populations of 
endemic Trichoderma in soil, which does not agree with that reported by Rosskopf et al. (2014). 
This result may be due to different methods, including the use of different VFAs (Rosskopf et al. 
did not report the organic acids used in the proprietary mixture used in their study). In the present 
study, the addition of labile carbon to the field soil increased Trichoderma populations by more 
than 300% over that of the non-amended soil. This population increase under ASD conditions is 
consistent with other studies involving organic soil amendments (Bulluck and Ristiano 2002, 
Kurakov 2008, Kurakov 2011, Shrestha 2018). Trichoderma survived ASD conditions for up to a 
month, and along with Mucor and Fusarium, may be enhanced by ASD treatment (Bulluck 2001, 
Kurakov et al. 2008 and 2011). Bulluck and Ristiano (2002) and Kurakov et al. (2008, 2011) 
indicated that while these organisms grow at a reduced rate under ASD or similar anaerobic 
conditions they are not eliminated by the process and can utilize metabolites produced, such as 
sugars and alcohols. This, in turn, can give them an advantage over the other soilborne fungi 
when conditions return to normal, post ASD.  
Study 2.2. Role of endemic soil microbial activity and carbon amendment on VFA-induced 
suppression of S. rolfsii germination during ASD 
Our hypotheses were generally supported as related to the effects of VFAs on sclerotia 
germination post-exposure. While acetic and n-butyric acid were significantly different in terms 
of sclerotia germination, both VFAs significantly reduced sclerotia germination rates over that of 
the water and HCl control treatment groups. The hypothesis involving endemic soil microbial 
activity was also supported in that an average of 46% of sclerotia incubated in non-autoclaved 
soil germinated, compared with only 29% of sclerotia germinated when incubated in soil that had 
been sterilized by autoclaving. This suggests that there are processes in biologically active soil 
that reduce the effectiveness of VFAs against S. rolfsii. This is likely because both acetic and n-
butyric acids are organic and can be readily metabolized by soil microorganisms such as Bacillus 
and Clostridium (Chauhan and Ogram 2006a and 2006b, Coates et al. 1998, Massie et al. 1985) 
thus increasing anaerobic activity. These results are further supported by the interaction effects 
of VFA concentration and soil type where it was observed that the effect of autoclaving on 
sclerotia germination rates was most pronounced as VFA concentrations increased. This suggests 
that the biology of active soil that reduces the effectiveness of VFAs against S. rolfsii through 
microbial metabolism are rate dependent. 
As described in our previous study (Chapter 2), acetic acid consistently promoted higher fungal 
colonization over that of n-butyric acid at both the 8 and 16 mmol/kg soil concentrations. As a 
shorter carbon chain fatty acid, acetic acid (a two C compound) is both more readily broken 
down by microorganisms and is more volatile than butyric acid (a four C compound) thus it does 
not persist as long in the soil compared to n-butyric acid (Chauhan and Ogram 2006a and 2006b, 
Coates et al. 1998, Massie et al. 1985). This indicates that endemic soil microbes may more 
readily metabolize higher rates of acetic acid than n-butyric acid. VFA concentration effects 
were also consistent with earlier work (Chapter 2). As VFA concentrations increased, there was a 
steady decrease in the rate of fungal colonization of sclerotia. This is likely due to the same 
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biological factors previously mentioned. Addition of the molasses-based organic amendment 
also had predicted results. We hypothesized that the additional organic matter would increase 
microbial activity and raise the soils adsorptive capacity, thus potentially lessening the 
suppressive ability of VFAs due to physicochemical inaccessibility (Insam and Seewald 2010).  
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Appendix: Figures and Tables 
 
Table 3.1. Analysis of variance for response variables of Trichoderma spp. populations in study 
2.1 as affected by the main effects of volatile fatty acid (VFA), VFA concentration, application 
of carbon amendments, and their interactions. NS = not significant, P > 0.10. 
 
Study 2.1 Effects   
VFA Type NS 
VFA Concentration NS 
VFA Type x VFA Concentration NS 
Amendment 0.05 
VFA Type x Amendment NS 
VFA Concentration x Amendment NS 
VFA Type x VFA Concentration x Amendment NS 
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Table 3.2. Analysis of variance of response variables germination and colonization of Sclerotium 
rolfsii sclerotia in study 1.2 as affected by main effects of volatile fatty acid (VFA) type, VFA 
concentration, soil amendment, soil type and their interactions. NS = not significant, P > 0.05. 
 
Study 2.2 Effects Germination Colonization 
 
---------------------P-value----------------
---- 
VFA 0.02 <.0001 
VFA Concentration <.0001 <.0001 
VFA x VFA Concentration NS NS 
Soil Amendment NS 0.03 
VFA x Soil Amendment NS NS 
VFA Concentration x Soil Amendment NS NS 
VFA x VFA Concentration x Soil Amendment NS NS 
Soil Autoclaving 0.0002 <.0001 
VFA x Soil Autoclaving NS NS 
VFA Concentration x Soil Autoclaving 0.02 NS 
VFA x VFA Concentration x Soil Autoclaving NS NS 
Soil Amendment x Soil Autoclaving NS 0.05 
VFA x Soil Amendment x Soil Autoclaving NS NS 
VFA Concentration x Soil Amendment x Soil 
Autoclaving 
NS NS 
VFA x VFA Concentration x Soil Amendment x Soil 
Autoclaving 
NS NS 
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Table 3.3. Response variables percent germination and colonization of Sclerotium rolfsii 
sclerotia in study 2.2 as affected by main effects of volatile fatty acid (VFA) type, VFA 
concentration, soil amendment, soil autoclaving, P > 0.05. 
 
 
Germination Colonization 
 
---------------percentage (%) ---------------- 
VFA 
  
Acetic 44 a 49 x 
Butyric 32 b 27 y 
VFA concentration 
  
4 mmol/kg soil 57 a 49 x 
8 mmol/kg soil 38 b 42 x 
16 mmol/kg soil 19 c 23 y 
Soil amendment 
  
Molasses 39 a 32 y 
No Molasses 37 a 44 x 
Soil autoclaving 
  
Autoclaved 47 a 58 x 
Non-Autoclaved 29 b 19 y 
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Figure 3.1. Mean percentage germination of Sclerotium rolfsii sclerotia in study 2.2 as affected 
by volatile fatty acid (VFA) concentration, and soil autoclaving. Bars indicated by the same letter 
are not significantly different according to an F-protected LSD at P < 0.05. 
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Figure 3.2. Mean percentage germination of Sclerotium rolfsii sclerotia in study 2.2 as affected 
by volatile fatty acid (VFA) concentration and soil amendment. Bars indicated by the same letter 
are not significantly different according to an F-protected LSD at P < 0.05. 
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CHAPTER 4 
 
CONCLUSION 
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Summary 
As a non-chemical method of soil fumigation, anaerobic soil disinfestation has a proven track 
record against many soilborne plant pathogens. The goal of our study was to better determine the 
role short chain volatile fatty acids such as acetic and n-butyric acid play during the ASD 
process. In order to better understand ASD’s suppressive mechanisms, several trials were 
conducted using the plant pathogen Sclerotium rolfsii due to its hardy survival structures known 
as sclerotia. These studies were conducted as part of a continuing series of trials with the goal of 
formulating a more precise recommendations for farmers who seek to use ASD as a sustainable 
means of soil fumigation. Over the course of the trial series, several aspects of the relationship 
between VFA type, VFA concentration, soil pH, soil texture, and soil ecology were observed. 
Germination rates of S. rolfsii were reduced as acid concentration increased. Sclerotial 
germination was generally reduced by exposure to either acetic or n-butyric acids, most notably 
as pH decreased. Soil pH plays a significant role in activity of VFAs against S. rolfsii 
germination. The HCl control did not reduce sclerotia germination rates at equivalent soil pH and 
concentration to the VFAs, which indicates that suppression due to VFA exposure is not directly 
caused by acidic pH and high acid concentration. The lack of HCl–induced germination 
suppression leads us to hypothesize that it is the fungal uptake of the VFAs that allows for 
inhibition of germination. The effectiveness of VFAs for suppression of S. rolfsii germination 
was reduced in sandy loam soil as compared to sandy soil, especially at lower VFA 
concentrations. Clay content may play a role in this reduction. Overall, mean germination rates 
in n-butyric acid were significantly lower than those of acetic acid. This may be due to the lower 
vapor pressure of n-butryic acid. While acetic and n-butyric acid were significantly different in 
terms of sclerotia germination, both VFAs significantly reduced sclerotia germination rates over 
that of the water and HCl control treatment groups. Acetic acid consistently promoted higher 
fungal colonization of sclerotia over that of n-butyric acid. As a shorter carbon chain fatty acid, 
acetic acid (a two C compound) is both more readily broken down by microorganisms and is 
more volatile than butyric acid (a four C compound) thus it does not persist as long in the soil 
compared to n-butyric acid. As VFA concentrations increased, there was a steady decrease in the 
rate of fungal colonization of sclerotia. Additional organic matter increased microbial activity 
and raised the soils adsorptive capacity, thus potentially lessening the suppressive ability of 
VFAs due to physicochemical inaccessibility. In the greenhouse trials involving Trichoderma 
spp., populations were observed to drastically increase with the addition of labile carbon 
amendments to the soil, but were not affected by addition of VFAs. Overall, trials covered in this 
thesis increase our understanding of mechanisms during the ASD process. The combination of 
biological, chemical, and physical changes that occur in the soil during ASD suppress the 
germination of S. rolfsii sclerotia. VFAs do play a vital role in plant pathogen suppression during 
ASD especially at lower soil pH or higher concentration. 
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